Hydrogenated microcrystalline silicon ðmcÀSi : HÞ growth by very high frequency plasma-enhanced chemical vapor deposition (VHF-PECVD) is studied in an industrial-type parallel plate KAI reactor. Combined plasma and material characterization techniques allow to assess critical deposition parameters for the fabrication of high quality material. A relation between low intrinsic stress of the deposited i-layer and better performing solar cell devices is identified. Significant solar cell device improvements were achieved based on these findings: high open circuit voltages above 520 mV and fill factors above 74% were obtained for 1 mm thick mcÀSi : H single junction cells and a 1.2 cm 2 micromorph device with 12.3% initial (V oc ¼ 1.33 V, FF ¼72.4%, J sc ¼ 12.8 mA cm
Introduction
Despite the strong potential for industrial applications of mcÀSi : H material in highly efficient multi-junction solar cell devices, mainly because of its enhanced absorption in the infrared (IR) and robustness to light-induced degradation, the deposition conditions by PECVD favoring device grade mcÀSi : H material quality have yet to be fully understood. The crucial roles of atomic hydrogen and ion bombardment for determining the Si:H film microstructure has commonly been accepted. As device grade material is typically found in the a-Si:H to mcÀSi : H transition it is of practical interest to understand the underlying mechanisms allowing this phase change. In particular, it has been identified that for mcÀSi : H nucleation to occur, the hydrogen atom flux to silicon precursor flux ratio toward the growing surface has to exceed a certain threshold value. For this condition to be fulfilled numerous plasma deposition parameters can be adjusted. However silane concentration in the plasma, which is a function of silane depletion, was identified as a determining factor for reaching this microstructure transition [1] . High intrinsic stress within the a-Si:H phase was also found to be a prerequisite for nucleation [2] . Ultimately the defect density of the deposited material will also limit the performance of the solar cells. In addition, because of the thick mcÀSi : H active layer requirement, typically above 1 mm, high deposition rates while retaining high material quality are desirable.
In this study, VHF-PECVD was used in an industrial-type reactor, where combined plasma diagnostic techniques and thin film material characterizations were used to identify some critical deposition parameters necessary to obtain low stress mcÀSi : H material, and its relation with better performing solar cells when used as an absorber layer.
Experimental details

PECVD system and plasma diagnostic techniques
A medium-sized version of the large area industrial KAI TM systems [3] was used to deposit all the mcÀSi : H layers and solar cells contained in this study. The dimensions of the Plasmabox are 50 Â 60 cm 2 , inter-electrode distance was set to 13 mm, the generator frequency to 40.68 MHz and the deposition temperature was fixed at 180 3 C. Silane dissociation efficiency (D) was evaluated by tunable IR laser spectrometry, allowing the analysis of rotovibrational absorption lines of silane directly through the exhaust line of the deposition system [4] . This allows for the estimation of silane concentration in the plasma (c p ) and film growth rate estimations. Powder formation was diagnosed using laser light scattering in the visible. Time-resolved optical emission spectroscopy (OES) was also used as a non-intrusive diagnostic technique [5, 6] . Emission intensities from the H 2 Fulcher (600-630 nm) and G 0 B 0 (461-464 nm) were integrated to evaluate their ratio I G 0 B 0 =I Ful which allows us to check T e variation over time, and in particular from ignition to steady-state equilibrium. SiH n emission (409-423 nm), originating from electron impact SiH 4 excitation, along with proper H n 2 background subtraction, was used to get silane density information in the plasma.
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Material and solar cell device characterization
Layers were always co-deposited on both Schott AF45 glass and Si-wafer to analyze their properties. Micro-Raman spectroscopy was used to estimate the crystalline volume fraction R c of the mcÀSi : H layers on glass [7] , using the emission line of an Ar + laser at 514 nm. Special care was taken to always have comparable R c on glass, between 55% and 60%. Spectral ellipsometry (SE) measurements were conducted over a wide energy range (0.6-6.0 eV) with a phase-modulated spectroscopic ellipsometer to assess precisely the film thickness and composition on both type of substrates systematically.
Thicker films were also deposited on single side polished c-Si wafer for Fourier transform infrared spectroscopy (FTIR) to get chemical bonding information. This analysis was rendered quite difficult as only thin mcÀSi : H films of around 600 nm could be deposited for the purpose of comparison, as they would immediately peel off with increased thickness when prepared at high power density. This will be discussed more in details in the next section.
Stress measurements were carried out for mcÀSi : H layers deposited on Si(1 0 0) wafer strips of 50 Â 8 Â 0.3 mm 3 with a surface profiler. Intrinsic stress in the film s was calculated using
with R the radius curvature, approximated here as R¼L 2 /8B with the wafer strip length L and bow height B (as L b B), E the silicon Young's modulus, n the Poisson's ratio, d s the substrate thickness and d f the deposited film thickness [8] . The ratio E=ð1ÀnÞ value was taken as 180.5 GPa as reported in [9] for Si(1 0 0). Based on the uncertainties in determination of L, B and d f , we estimated the error for total stress to be within 20 Mpa. Standard p-i-n solar cells were prepared to evaluate the mcÀSi : H material quality when used as an absorber layer of approximately 1 mm. The back and front contacts were textured zinc oxide (ZnO) obtained through a modified low-pressure chemical vapor deposition (LPCVD) process developed at IMT [10] . The back contact is also covered with a white dielectric reflector. Open circuit voltage (V oc ) and fill factor (FF) values were derived from current-voltage curves, obtained using a Wacom AM1.5 solar simulator, and short circuit current densities (J sc ) from external quantum efficiency (EQE) measurements.
Results and discussion
Solar cell performances
A RF power series for the deposition of the mcÀSi : H intrinsic material was done at a pressure of 3.5 mbar. Silane flow ðF SiH4 Þ was adjusted for all the cells to keep comparable R c of about 60% within the i-layer for all regimes (see Table 1 ). A high silane dilution in hydrogen ðF H 2 =F SiH 4 Þ between 33 and 40 was used here to minimize powder formation. Laser light scattering and silane depletion measurements could confirm that no powder is detected and that all silane dissociated in the plasma contributes to the film growth. Despite these process conditions, usually considered favorable for the deposition of high quality mcÀSi : H material, an important deterioration of all p-i-n solar cell parameters has been observed by simply increasing the power density (P d ) from only 0.05 W cm À 2 to 0.10 W cm À 2 and 0.15 W cm À 2 , with efficiencies going from 7.5%, to 6.3% and 5.0% respectively. Open circuit voltage dropped from 510 to 410 mV, fill factors from 72% to 63% and short circuit current from 20.4 to 19.4 mA cm À 2 upon slightly increasing the silane dissociation and deposition rate from 1.4 to 2.5Å s À 1 , corresponding to low silane depletion fractions between 23% and 34%. As already stated the pressure has a relatively high value of 3.5 mbar, and such deterioration can hardly be explained with increased mean ion energy.
Time resolved OES suggests that the ratio of hydrogen to silane radicals flowing to the growth surface increases upon increasing the power density from 0.05 to 0.10 and 0.15 W cm À 2 with H a =SiH ratio going from 0.06 to 0.10 and 0.12 respectively, while electron temperature remains constant. This might be an indication that a change in the plasma chemical composition is involved in the deterioration of the mcÀSi : H material properties. However, modifications of surface reactions on the growing film cannot be excluded.
IR spectroscopy
Main chemical bonding differences of the deposited mcÀSi : H material was tentatively evaluated with FTIR spectroscopy right after the depositions. Preliminary results show that no significant differences could be made between the low and high power deposition regimes in terms of hydride stretching modes (which may be due to insufficient thickness and signal). In particular we could not identify the signature of narrow high hydride stretching modes, characteristic of hydrogenated crystalline grain boundaries and poor electronic properties [11] . However strong Si-O-Si stretching modes (around 1100 cm À 1 ) were observed for the layer deposited at 0.15 W cm À 2 and completely absent at 0.05 W cm À 2 ( Fig. 1) , indicating a porous material associated with 
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post-deposition oxidation. Nonetheless, further analyses may be necessary to confirm these results. Also a relative increase of bonded hydrogen content of 19% is observed by integrating the wagging mode at 640 cm À 1 (going from 4.0% to 4.8% in absolute value).
Stress measurements
Stress measurements were carried out by depositing mcÀSi : H layers using the aforementioned deposition regimes with increasing power density, as well as other ones with varying pressure or H 2 flow rate detailed in Table 1 . The same microcrystalline p-layer used within the solar cell devices was systematically deposited before the i-layer to be analyzed, and is included within the total thickness of 300 nm common to all these samples. The intrinsic compressive stress has been measured in these films and are shown in Fig. 2 . We report here varying intrinsic stress values depending on the deposition conditions for the same crystalline fraction. The differences observed here may be ascribed to varying hydrogen inclusion within the layer, either in clustered (Si-H x ) or molecular (H 2 ) forms [12] . For the deposition done at 0.10 W cm À 2 reducing the hydrogen flow rate, and adapting the silane flow rate for obtaining same R c , the stress in the film decreased from 649 to 600 MPa. The most remarkable decrease was observed at 0.15 W cm À 2 , by increasing the pressure up to 7.0 mbar where it drops from 678 to 481 Mpa. Both regimes are associated with increased silane depletion which was already identified as an important factor for material quality [13] .
HFS (ERDA)-absolute H content
Total H content was also evaluated by hydrogen forward scattering spectrometry (HFS), which has the advantage over FTIR evaluation that not only bonded H is measured but non-bonded H as well. A relative increase of H content of 26% is observed between the low and the high power regime (from 8.7% to 11% in absolute value), but for the regime at 0.10 W cm À 2 with lower hydrogen flow rate, a ''high'' value close to 11% is also observed although the stress is lowered. Thus, although H content may influence the intrinsic stress of mcÀSi : H layers, there is no clear correlation between them.
Microcrystalline and micromorph solar cells
Single junction p-i-n mcÀSi : H solar cells with their absorber layer deposited using the new high depletion regimes previously discussed in Section 3.3 and detailed in Table 1 were prepared as well. It can be seen from Fig. 3 that these regimes, which induce lower stress in the material, also lead to higher efficiency devices, mainly through improved V oc and FF. Device-grade mcÀSi : H material is obtainable at a higher pressure of 7.0 mbar, with high open circuit voltages above 520 mV and fill factors above 74%. The best cell performances obtained were V oc ¼535 mV, FF¼74.6%, J sc ¼19.7 mA cm À 2 and 7.9% efficiency. When used as a bottom cell of a micromorph tandem cell, using an a-Si:H top cell developed in a KAI reactor as well, the fabrication of a 1. Fig. 4 . After 1000 h of light soaking, the device has a relative degradation value of 17%. This suggests that further improvements can be expected for both top and bottom cells in terms of V oc and J sc in particular for stabilized state.
Conclusion
In this study mcÀSi : H material quality was evaluated in a large area industrial deposition system with combined plasma diagnostic techniques and material characterization. Intrinsic stress of the deposited films was quantified, and various plasma deposition parameters were varied trying to reduce the observed stress. Namely, in the range of our study, increased pressure and reduced hydrogen flow rate during deposition could reduce it, whereas higher power densities tend to increase it. Preliminary results on the origin of stress are discussed and in particular the role of hydrogen. Low stress induced deposition regimes allowed for the fabrication of better performing solar cell devices when used for the deposition of the absorber layer. Based on these results high efficiency single junction mcÀSi : H and micromorph solar cell devices were prepared.
